a function of C inputs and losses (Campbell et al., 2000a (Campbell et al., , 2000b . Inputs, primarily as photosynthates, are added
T he factor most limiting to crop production on the
DATA SOURCES AND LIMITATIONS
North American Great Plains is available water.
Quantifying changes in soil C is a difficult task; annual Summer fallow-leaving land unplanted for a season to changes per year are small compared with C already replenish stored water-reduces the likelihood of crop present, and its spatial variability is very large (Campfailure from drought and has been widely used for more bell, 1978; McGill and Bailey, unpublished, 1999) . Thus, than a century . Though its prevalence reliable estimates of C change depend on sampling ranhas waned in recent decades, there are still about 6 domly at test sites over many years or by sampling at million ha of summer fallow land in Canada (Campbell specific locations at a site, repeatedly over time (Ellert et al., 2002) and 20 million ha in the USA (USDAet al., 2001 ). In the past, scientists studied soil C mostly NRCS, 2000) .
from the perspective of soil fertility (Ridley and Hedlin, Summer fallow has some clear advantages compared 1968; . Consequently, many of the studies with continuous cropping; however, it also has some focused on relative differences in soil C concentration serious shortcomings, one of which is that it results in among treatments; bulk density, needed to calculate soil soil C (organic matter) loss. The storage of C in soils is C mass, was often not determined. Adding further to the difficulty are changes in analytical methods over C.A. Campbell and E.G. Gregorich, Agric. and Agri-Food Canada, time (e.g., the shift from wet digestion methods to the Cent. Exp. Farm, Ottawa, ON K1A 0C6, Canada; H.H. Janzen, Agric. dry combustion methods now commonly used); in the and Agri-Food Canada Res. Cent., Lethbridge, AB T1J 4B1, Canada; expected to occur near the soil surface. Thus, sampling sion to SOC, they concluded that the measured SOC usually is in increments to 15-or 30-cm soil depth. Typiin 1981 (22.3 Mg ha
Ϫ1
) could not have been the true cally, absolute differences in SOC among treatments initial value for the test site. They therefore used a increase with the depth sampled, but statistical signifilinear extrapolation (dotted line, Fig. 1 ) to estimate the cance declines because total mass of C measured and probable starting value. its variability increase much more than the difference For many experiments, differences in soil C stocks among treatments (Ellert et al., 2001 ). Significant differamong treatments are not always significant at P ϭ 0.05, ences are often observed only in the surface 7.5 or 10 cm even after several decades. However, repeated sampling (Table 1) , if at all (Campbell et al., 2000b; of the same treatments over time, along with supportive al., 2003). We have therefore confined our discussion modeling efforts, may help to bolster the reliability of primarily to changes in SOC in the 0-to 15-cm depth the conclusions (Campbell et al., 2000a (Campbell et al., , 2000b (Campbell et al., , 2002 . in Canadian soils and 0-to 20-cm in U.S. soils.
Our approach, in this paper, was to summarize all data In several cases, the initial soil C levels were not from long-term (Ͼ10 yr) experiments on the Canadian available and had to be estimated by assuming that all Prairies and U.S. Great Plains in which soil C changes treatments in a study had the same initial value, an were measured and summer fallow frequency was a assumption sometimes leading to large discrepancies variable. In some cases, we compare measured vs. mod-( Fig. 1 ; Campbell et al., , 2000b . For example, in eled changes in soil C. We provide median and mean 1981, initiated a no-till study rates of C storage as a function of type of crop, tillage, at Swift Current on farmers' land that had been in a fertility, and soil zone (in Canada) and potential evapofallow-wheat conventional tillage system for the previtranspiration (PET) and slope position (in USA). Many ous 70 to 80 yr. Since they had not measured SOC at of our results are presented as coefficients, expressed the start of the experiment but wished to assess changes in Mg C ha Ϫ1 yr Ϫ1 , but with the emphatic caution that in SOC in the no-till study in later years, they thoroughly extrapolation of such rates beyond one or two decades sampled the adjacent farmland, which was still managed is probably not justified because, excluding major as in the previous 70 to 80 yr, assuming that SOC in changes in agronomy or weather, SOC will tend to apthat system would be at steady state. However, as seen proach a steady state after several decades (Janzen et in Fig. 1 and by their estimates of C inputs and converal., 1997; West and Post, 2002) . By definition, our review considers only those studies that include at least one cropping system with summer fallow and one or more treatments with reduced fallow frequency. By default, these experiments are limited primarily to the semiarid regions of the U.S. and Canadian Great Plains where moisture conservation is a priority and summer fallow is thus commonplace. Though few of the studies are free of the deficiencies described earlier, we have filtered the available data by including mainly those experiments where measurements have been made for at least 10 yr and, with few exceptions, where bulk densities have been measured.
EFFECT OF FALLOW FREQUENCY ON SOC WHERE INITIAL SOC IS KNOWN
OR CAN BE ESTIMATED Only one suitable study was found in the U.S. Great a continuous wheat (Cont W), fertilized, no-tillage (NT) system. Plains (Peterson et al., 1998; Sherrod et al., 2003) . In this 12-yr experiment in Colorado, four crop rotations of differing fallow frequency under no-tillage management were studied at three sites differing in PET and, with treatments arrayed across a catenary sequence at each site, divided into three topographic positions (summit, sideslope, and toeslope). Four annual crop rotation treatments included spring wheat-fallow, wheat-corn (Zea mays L.)-fallow, wheat-corn-millet (Panicum miliaceum L.)-fallow, and continuous cropping {including corn/sorghum [Sorghum bicolor (L.) Moench], wheat, hay millet, and sunflower (Helianthus annuus L.)}. Each year-phase of the crop rotations was present each year and replicated twice. All three sites had been cropped to wheat-fallow or sorghum-fallow for more than 50 yr before the start of this experiment when no-till management was established (Ortega et al., 2002) . Before this, tillage was mostly done with a Noble blade or tandem disk from 1950-1985 with possibly some moldboard plowing before 1950 (G.A. Peterson, personal communication, 2003 . Soil organic C in the 0-to 10-and 10-to 20-cm depths was measured at the start of the experiment in 1986 and in 1997 ( Fig. 2a and 2b) . Initial soil C values (1986) were calculated as the median values of samples taken from each field plot, summed across all treatment plots and replicates, within a slope position and site. Soil organic C content was determined by Walkley-Black (Nelson and Sommers, 1996) , and inorganic C was determined by a modified pressure calcimeter method (Sherrod et al., 2002) . In theory, after 50 yr of crop-fallow, SOC in these conventionally tilled systems should be approaching a steady state (Janzen et al., 1998) , unless there was some active erosion (Gregorich et al., 1998) . However, the adoption of no-tillage would tend to curtail SOC to be in direct proportion to cropping frequency (Campration (PET)], slope, and cropping frequency in a no-till study in bell et al., 2000a, 2000b) . Further, the gains should be Colorado, USA. Soil organic C in the 0-to 20-cm depth in 1986 greater in the low-PET sites than in the high-PET sites for the summit, sideslope, and toeslope positions was 21.9, 21.5, and 29.0 Mg ha Ϫ1 , respectively, at Sterling; 25.1, 21.8, and 33.9, due to greater crop production (input C) although the respectively, at Stratton; and 9.2, 12.6, and 21.4, respectively, at rates of SOC mineralization should be higher (because trends based on SOC change in the top 10 cm of this soil (Fig. 2a) , the results for the top 20 cm (Fig. 2b) were less convincing. Generally, there was a positive relationada. Generally, there was little difference between lowship between SOC change and cropping frequency. In the and medium-PET treatments regarding their effect on 0-to 10-cm depth, most treatments with cropping frequenchange in SOC, but there was a tendency for changes cies of 66% or more maintained or increased SOC; this to be lower (more negative) at high PET (Fig. 2) . This was especially true at low PET. However, in the 0-to was partly because annual straw production (and C in-20-cm depth, SOC gains were apparent only in some conput) was lower for the high-PET treatment and SOC tinuous cropping systems. Gains were generally greater at was directly associated with annual straw production low PET (higher yields and residue C inputs). (Sherrod et al., 2003) . However, overall, the changes in In the 0-to 20-cm depth SOC gains were generally SOC over 12 yr were small and generally no more than lowest in the toeslope position even though these posi-200 kg ha Ϫ1 in 12 yr for continuous cropping systems at tions had the greatest production and C inputs (Sherrod low PET (Fig. 2a) . et al., 2003) . This suggests that in the toeslope, decompoChanges in SOC for the full 0-to 20-cm depth may sition effects on C gains were greater than C input efbe partially masked by carbonate C, which was substanfects. Based on the 0-to 20-cm depth, the results suggest tially higher in the 10-to 20-cm depth, averaging 1.92, that cropping 2 yr in 3, or sometimes even 3 yr in 4, 3.42, and 5.08% of total soil mass at Sterling, Stratton, was not sufficient to ensure SOC gains after 12 yr of and Walsh, respectively. We suspect that this factor, adopting no-tillage. This result was surprising and, as together with the much greater variability of SOC in the 10-to 20-cm depth compared with the 0-to 10-cm seen later, was unlike results obtained in western Can-depth (Sherrod et al., 2003) , accounts for the surprising apparent failure of the adoption of no-tillage (after many years of conventional tillage) and more intensive cropping, to increase SOC storage in 0-to 20-cm depth, even after 12 yr. Of the 36 treatments, only 14 showed possible SOC gains in the 0-to 20-cm depth compared with 27 in the 0-to 10-cm depth. Obviously, the large variability in the SOC measurements in the 10-to 20-cm depth was a major contributor to this discrepancy.
Canadian Prairies
In Canada, there are several long-term experiments in which SOC is being measured, but in most of these, scientists either did not measure initial SOC levels or measured only SOC concentrations at the initial sampling VandenBygaart et al., 2003) . For this exercise, we mainly discuss two experiments conducted at Swift Current, SK, in which we are able to make fairly acceptable estimates of the initial SOC levels. One study, the "Old Rotation Experiment" initiated in 1967, has been much discussed (Campbell et al., , 2000a in the past, and the second study is the "New Rotation Experiment" initiated in 1987 (Campbell et al., 2000b) .
In the Old Rotation Experiment, no SOC determinations were made in 1967; the first SOC measurements SOC levels for this site (Fig. 3a) (Campbell et al., 2000a ). This assumption is not infallible, as we have discussed comparisons for the Cont W system. Perhaps a more for the New Rotation Experiment (Campbell et al., reasonable picture of the effect of cropping frequency 2000b) where the initial samples taken in the interrow on SOC changes in the Old Rotation Experiment was area between plots in 1987 did not provide accurate provided by using the model derived by Campbell et estimates of the initial SOC levels of the adjacent plot areas, and thus we had to use a model and crop producal. (2000a) to estimate the trends in SOC (Fig. 4) . The tion data (1987) (1988) (1989) (1990) to estimate the starting SOC value model output showed a small increase in SOC in F-W for each treatment (Campbell et al., 2000b) . from 1967 to 1999, the positive influence of cropping The difficulties and advantages of monitoring SOC frequency on SOC, and showed no evidence of a dechanges over time to estimate the influence of cropping crease in SOC in Cont W occurring between 1981 and frequency on SOC changes (i.e., small relative change 1993. This latter is further evidence that the response for and large spatial variability) are readily seen in results of Cont W (N ϩ P) between 1981 and 1993 was spurious. the Old Rotation Experiment at Swift Current (Fig. 3a) . The results suggest a generally constant level of SOC from 1967-1990 in F-W and F-W-W, an initial increase in SOC from 1967-1980 in the more frequently cropped systems and then a "leveling off" from 1980-1990, and all systems tending to increase in SOC during the more humid 1990s (Campbell et al., 2001b ). The highly variable behavior of SOC in the continuous wheat (Cont W) system from 1981-1993 was confusing. The more uniform and predictable trends of SOC in the spring wheat-lentil (W-Lent) rotation, which should give results similar to Cont W (Fig. 3b) , suggest that Cont W sions on SOC changes could be, depending on which Cont-W ϭ continuous wheat, F-W-W ϭ fallow-wheat-wheat, and F-W ϭ fallow-wheat.
dates of sampling one might choose to use when making al., 2000a) estimates of changes that should have occurred in this study were 24 to 39% lower than those calculated from the measured values and were especially low for F-W and F-W-W, but the trends over time were similar to the measured data (Fig. 5 ).
Replacing wheat with other crops may result in greater or lesser amounts of SOC storage (Fig. 5 ). For example, SOC stored was similar whether lentil or wheat was grown in the rotation. However, the high-lignin, lowyielding flax residue, which was often blown from the plots, diminished SOC storage compared with wheat (Campbell et al., 2000a) while fall-seeded rye, which is an efficient user of N (Campbell et al., 1984) , and which protects the soil against erosion, was more effective than spring wheat in storing SOC (Fig. 5) .
The rate of SOC storage is highly dependent on weather because of its influence on net primary production (C input) and decomposition (Campbell et al., 2001b) . We attempt to demonstrate this point using the results for the Old Rotation Experiment and by estimating the rate of SOC increase relative to F-W (control) during three periods: an initial changeover period (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , a droughty period (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) , and a period of above-average precipitation (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (Table 2 ). In comparing systems according to cropping frequency, we excluded the fallow-rye-wheat rotation because its fallow period is much shorter than for the spring-seeded cereal systems. We included the 6-yr rotation with the frequently cropped systems because it was at 613 kg ha Ϫ1 yr
Ϫ1
. During the droughty period (Campbell et al., 2001b) , respectively. Our model (Campbell et yr Ϫ1 ). Then, in the more humid decade of the 1990s, SOC gains in the fallow-containing systems (relative to (2000a) model (Table 3) . These results support the findings in the Old Rotation Experiment showing the strong F-W) continued to decrease (36 kg ha Ϫ1 yr Ϫ1 ) while gains for the frequently cropped systems were much effect of weather conditions in influencing gains in SOC. They also suggest that net primary production, and thus higher than for the droughty 1980s but less than for the initial changeover period (470 kg ha Ϫ1 yr
). input C, may play a bigger role in influencing SOC gains on the Canadian prairies than rate of decomposition of The advantages of including the fall-seeded rye crop in the rotation and the negative impact of inadequate SOC, at least over periods of several years or decades. fertilization (poor residue production and C inputs) were also demonstrated in the Old Rotation Experiment (Table 2) . These results conformed to our understanding
SUMMARY OF STUDIES IN WHICH

EFFECT OF CROPPING FREQUENCY
of how certain factors influence SOC changes. The fal-
ON SOC CHANGES CAN BE ESTIMATED
low-containing systems should now be approaching a USING SOME GENERAL ASSUMPTIONS steady state because this land was in F-W for 60 or more years before initiation of the study. The change In many of the studies in which SOC has been asto continuous cropping would initially increase C inputs sessed, SOC was only measured several years after the and reduce SOC decomposition (drier soil for longer experiment was started, often only once after, and in periods), thus resulting in marked SOC gains compared other instances, periodically after. In such cases, the goal with previous F-W. Droughty periods will tend to reduce was usually to compare effects of various management C gains (reduced C inputs slightly counterbalanced by treatments (e.g., effect of tillage, fertilizers, or manure reduced SOC decomposition due to dry conditions), and addition) on SOC. Usually the assumption is made that wet conditions should increase SOC gains (increased all treatments at a site started at the same level of SOC C inputs slightly counterbalanced by increased SOC though this is often not so. When estimating rates of decomposition due to higher soil moisture). change in SOC, scientists often divide net change by In the New Rotation Experiment at Swift Current years (i.e., they assume the change is linear over time). (Campbell et al., 2000b) , initiated in 1987 on land that Most researchers suggest that changes in SOC due to was F-W for decades previously, we did not measure changes in management are curvilinear, increasing or SOC in each test plot at the start. Instead, we measured decreasing rapidly at first before approaching an asymp-SOC in the pathways between adjacent plots (to cut tote or steady state . These inadedown on work and analyses), taking 30 samples (10 per quacies in assumptions notwithstanding, we have sumreplicate). However, analyses later showed that these marized the related studies that have been conducted pathway initial values did not adequately represent the on the Great Plains of North America using the aforeinitial SOC values of each individual plot. We therefore mentioned assumptions. We caution that these rates used the model of Campbell et al. (2000a) to estimate cannot necessarily be extrapolated into the future. the starting SOC values for each plot based on SOC measured in 1990, 1993, and 1996 and residue C inputs
U.S. Great Plains
for the period 1987 to 1990 (Campbell et al., 2000b) .
We only found five studies that were appropriate Using these estimated initial SOC values and the SOC (i.e., had a summer fallow component, varying cropping measured in 1996, we calculated the SOC changes over frequency, and where SOC was expressed on a mass the 10-yr period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) for F-W-W, F-W-W-W, basis) in the U.S. Great Plains (Table 4) . These studies and Cont W treatments receiving N and P in a minimumwere summarized by location, soil type, rotation, tillage, till, snow-managed system (Table 3 ). The gains in SOC fertility, and the SOC in the 0-to 20-or 0-to 15-cm were high in all treatments, possibly because growing depth at the end (last date of sampling) of the study. season precipitation was above average in this 10-yr
We expressed SOC on a mass/volume basis (Mg ha Ϫ1 ), period (Campbell et al., 2001b ‡ F ϭ fallow, W ϭ spring wheat, wW ϭ winter wheat, C ϭ corn, M ϭ millet, S ϭ sorghum, and SF ϭ sunflower. § CT ϭ stubble mulch, MT ϭ minimum tillage, and NT ϭ no-tillage. ¶ Measured in the 0-to 20-cm depth at the end of the study period, except for soils at Akron, Mandan, and the 8-yr Bushland study, which were measured in the 0-to 15-cm depth. # Change in SOC expressed relative to SOC of fertilized, no-till, continuously cropped. † † Change in SOC relative to the control, expressed on a yearly basis. Assumes that all treatments in an experiment had the same initial SOC content (unlikely) and that the rates of change in SOC over time were linear (may not be true in some cases). ‡ ‡ Nitrogen fertilizer applied based on soil test (none ϭ no fertilizer required based on soil test). § § Corn or sorghum. ¶ ¶ ns, not significant.
cropped, well-fertilized no-till treatment. Most of the
Of the other sites (Table 4) , no significant responses studies were short term (12 yr or less), no-tilled, and to cropping frequency were found at Akron although well fertilized with N; consequently, we used the data the short time period (5 yr) precludes any definite confrom the most comprehensive of these studies (Sherrod clusions. At Mandan, SOC stocks in the continuous crop et al., 2003) to demonstrate the relationship between rotations averaged about 3.7 Mg C ha Ϫ1 more than under change in SOC as influenced by cropping frequency, spring wheat-fallow. There was significant interaction using a "box-and-whiskers" type of plot (Fig. 6 ).
with tillage: SOC increased as tillage intensity decreased The results for this U.S. Great Plains study show the under continuous cropping, but there was no significant direct relationship between relative rate of change in response to tillage treatments in the wheat-fallow sys-SOC and cropping frequency. There was considerable tem. For the experiments at Bushland, C stocks tended variability and range in the SOC changes, and the meto be somewhat higher for Cont W compared with the dian values were similar for the fallow-crop-crop and fallow-containing wheat systems, but the trends were fallow-crop-crop-crop rotations, with their rate of not significant. change in SOC being about 125 kg ha Ϫ1 yr Ϫ1 less compared with continuous cropping, whereas for the fallow-
Canadian Prairies
crop rotation, the median rate of change was about 260
Many more studies were conducted on the Canadian kg ha Ϫ1 yr Ϫ1 less compared with continuous cropping. Prairies than in the USA that include summer fallow and were appropriate for use in assessing the influence of cropping frequency on SOC changes (Table 5) . Further, several of these studies were long term (Ͼ30 yr), which allowed treatment effects to be more easily differentiated. We summarized the results of these studies in a manner similar to those for the U.S. Great Plains studies, except that in this case, we have used the more frequently included continuously cropped, conventionally tilled, fertilized treatments as the control to derive relative SOC change. Studies varied in duration from 6 to 60 yr and were conducted on soils from the semiarid Brown and Dark Brown Chernozems to the subhumid Black Chernozems and Gray Luvisols (Table 5) . We again used the box-and-whiskers plot to analyze most of the data in Table 5 , partitioning them into data for the semiarid soils (Fig. 7a) and those for the sub- nozems showed positive rates of C change relative to * Significant at p Ͻ 0.05. ** Significant at p Ͻ 0.01. † Cropping frequency (%) assumed to be fallow-crop ϭ 50%, fallow-crop-crop ϭ 66%, fallow-crop-crop-crop ϭ 75%, legume green manure-crop-crop ϭ 83%, fallow-crop-crop-crop-crop-crop ϭ 83%, and continuous crop ϭ 100%. ‡ Soil series, texture, and clay content (%) when available. § F ϭ fallow, W ϭ spring wheat, Cont ϭ continuous, Hy ϭ high yielding CPS wheat, GM ϭ legume green manure, X ϭ flax, Ry ϭ rye, Lent ϭ lentil, Can ϭ canola, H ϭ hay, B ϭ barley, wW ϭ winter wheat, P ϭ pea, and O ϭ oat. ¶ Where no fertility treatment is noted, both N and P were applied to all treatments. In instances where fertility treatments other than N ϩ P were imposed, fertilizer treatment is specified. # NT ϭ no-till, MT ϭ minimum till, and CT ϭ conventional till. Table 5 ).
frequency in semiarid and subhumid soils, but the relationship appears to be curvilinear. The rates of increase in SOC were generally similar for fallow-crop, fallowcrop-crop, or fallow-crop-crop-crop but increased sharply at frequencies Ͼ 75%. In the semiarid prairie, rates of SOC gain were about 225 to 250 kg ha Ϫ1 yr
Ϫ1
greater for no-till than for tilled systems irrespective of cropping frequency. In the subhumid soils, the difference in SOC gain due to adopting no-tillage was about 50 to 75 kg ha Ϫ1 yr Ϫ1 favoring no-tillage at cropping frequencies Ͻ 75%, but at 100% frequency, the difference was similar to that in semiarid prairie (about 250 kg ha Ϫ1 yr
). The advantage of adopting no-tillage on more humid conditions than the prairies) where adoption of no-tillage rarely results in SOC gains (Angers the control. In contrast, and not surprisingly, all tilled systems except the control (by definition) showed rates et al. , 1997) . Perhaps under such humid conditions, the relative influence of additional available water favors of SOC change that were negative compared with the control. As observed for the Colorado experiment, there increased mineralization of organic matter more so than increased SOC due to greater crop residue C inputs. was a positive relationship between rate of change in SOC and cropping frequency in both the tilled and noAn interesting question concerns the curvilinear relationship between cropping frequency and soil C in the till treatments in the semiarid soils (Fig. 7a) . In the tilled treatments, the median rates of change in SOC relative summary figure of data from the Canadian sites (Fig. 8) and to what extent this response is driven by differences to the control were between Ϫ150 and Ϫ100 kg ha Ϫ1 yr Ϫ1 for the 50 to 85% cropping frequencies while for in C inputs to soil vs. other factors. Campbell et al. (2004) analyzed data for nine of the experiments listed the no-till systems, values were between ϩ50 and ϩ100 kg ha Ϫ1 yr Ϫ1 for 50 to 66% cropping frequency and in Table 5 and found that grain yield (kg ha Ϫ1 yr Ϫ1 ) was directly proportional to cropping frequency (%). In the about ϩ250 kg ha Ϫ1 yr Ϫ1 for continuous cropping. Fewer studies were conducted in the subhumid soils (Fig. 7b) , semiarid prairies, or under drought conditions, yield ϭ 556 ϩ 8.02 ϫ cropping frequency (r 2 ϭ 0.99), and in the and the trends in SOC response to cropping frequency for tilled treatments were similar to those observed for subhumid prairies, yield ϭ 761 ϩ 10.81 ϫ cropping frequency (r 2 ϭ 0.99). Since crop residue yield (and thus the Brown and Dark Brown soils (aridic and typic Haploboroll) while for no-till treatments, the main dif-C inputs) and grain yield tend to be directly proportional , increases in cropping frequency ference, compared with results found for the semiarid soils, was that the presence of summer fallow resulted in represent a proportional increase in C inputs. Theory suggests that (all else being equal) soil C contents should decreases, not increases, in SOC relative to the control.
In the Canadian prairies, the influence of cropping increase linearly as a function of C inputs (Paustian et al., 1997) . Hence, the data suggest that while C input frequency on the mean rates of change in SOC in the 0-to15-cm depth was also assessed (Fig. 8) . As in Colorate is a major contributor to SOC response, this is not the only factor concerned. The lack of linearity in this rado, the rate of SOC gains increased with cropping also change. Campbell et al. (2001a) tested this theory response in some cases suggests that other factors (such at Indian Head by resampling, in 1997, plots that had as the effects of temperature and water on decomposibeen sampled in 1987 and in which, in 1990, the method tion and/or disturbance effects on soil C stabilization) of tillage management on these plots was changed from may be more important than C inputs in some situations.
conventional tillage to no-tillage and the fertilizer rates The data suggest that there is little difference between applied were increased in anticipation of greater availfallow every other year and fallow once every 3 yr and able soil water than when they were conventionally that a cropping frequency of Ͼ75% is needed before tilled (Campbell et al., 2001a) . This change in managesoil C responds to the higher rates of C input.
ment resulted in higher yield responses for the crops seeded on fallow and on stubble land and greater crop
Interaction of Fertilization and
residue C returned to the soil for the fertilized systems
Cropping Frequency on SOC after 1990. Concomitantly, there was an increase in SOC The application of fertilizers to crops may enhance in both Cont W and F-W-W systems in response to the crop production, increase crop residues returned to the change in fertilizer-tillage management (Fig. 9 ). There soil, and thereby increase SOC (Nyborg et al., 1995;  was a positive effect of cropping frequency on SOC in Solberg et al., 1997; Campbell et al., 2001a) . The magnithe fertilized treatments but no effect in the unfertilized tude of the increase in SOC is much larger in soils with treatments. Fertilized F-W, F-W-W, and Cont W gained inherently low C than in ones where C is already high about 4, 5, and 2 Mg C ha Ϫ1 between 1987 and 1997. . The influence of fertilization on During this period, C emissions from the manufacture SOC also depends on the frequency of summer fallow.
and transport of the N fertilizer was estimated to be As shown by findings at Swift Current and Indian Head, 0.28, 0.53, and 0.90 Mg ha Ϫ1 for these three rotations, SK, even after 24 to 30 yr, fallow-containing rotations respectively (Campbell et al., 2001a) . Thus, there was showed very little C increase due to fertilization; only a net positive effect of frequent cropping on C sequestraCont W showed a significant increase due to fertilization tion but only for adequately fertilized systems. Although (Table 5 and Fig. 9 ).
we cannot be certain (because both tillage and fertilizaSoil scientists suggest that after many years of fertiliztion regimes were changed at the same time in this ing a crop, and perhaps increasing its soil C content, study), we suspect that fertilization was the main consuch systems may approach a steady state in C content.
tributor to the increased crop residue yields between However, if the rate of fertilization is changed, and this 1987 and 1997 and that the SOC gains observed were influences production (C inputs), the SOC gains may directly related to the crop residue responses of the treatments. These results suggest that without adequate fertility, conversion of conventional tillage to no-tillage may not always result in an increase in SOC. Further, as shown in Table 5 , in very fertile soils such as the thick Black Chernozem at Melfort, SK, fertilization will not increase SOC substantially, regardless of crop rotation or cropping frequency.
ESTIMATING CHANGES IN SOC OVER 15-YEAR PERIOD DUE TO CHANGE IN A COMBINATION OF MANAGEMENT PRACTICES ON THE CANADIAN PRAIRIES
Many studies have been conducted on research plots in which the impact of various cultural practices (tillage, fertilizers, cropping frequency, etc.) on SOC on the Canadian Prairies have been measured (Table 5) . Many of these studies are single-factor experiments, but scientists are interested in estimating the net change in SOC due to multifactored changes in cultural practices. This type of exercise can be accomplished by the use of simulation models such as Century (Parton et al., 1987) or EPIC (Williams, 1995) . However, McConkey et al. (1999) proposed a simple model based on "expert opinion" and a coefficient-based technique as another ap- to estimate the maximum potential of the agricultural sector in Saskatchewan to sequester C (Canadian Fert.
ESTIMATING THE IMPACT OF CHANGE
Inst., 2002). Campbell et al. (2001b) used the data from the Old Rotation Experiment at Swift Current (1967-1999) to Deterministic Model Such as Century relate rate of gain in SOC in the 0-to 15-cm depth to The Century model (version 4.2) was used to simulate fallow frequency. We converted their relationship to SOC in the 0-to 15-cm depth for three well-fertilized relate SOC change to cropping frequency (cropping rotations (F-W, F-W-W, and Cont W) from the Old frequency ϭ 1 Ϫ fallow frequency) as shown in Fig. 11 . Rotation Experiment at Swift Current, SK, for the peThis revealed a positive relationship but with a decreasriod 1967-1998. In the initialization time block, wheating rate of soil C accumulation with increasing cropping fallow with a low-yield wheat was run from 1910 to frequency for these well-fertilized treatments. Figure 11  1966 . Initial C pools were calibrated so that SOC in shows both measured values and values estimated by 1967 would match that of the measured (estimated) the model of Campbell et al. (2000a) for the 33-yr period values at the experimental site at 15-cm depth. Weeds in which the last decade experienced were introduced in the summer fallow years only. The above-average growing season precipitation. The meatillage events destroyed and incorporated weeds that sured values were higher than the model estimates, but developed. Actual fertilizer application values from the we have more confidence in the model estimates for experiment were used in the simulations. Monthly reasons previously discussed. The model estimates suggest that in the semiarid prairie, F-W (N ϩ P) will weather data from the Swift Current weather station sequester about 50 kg SOC ha Ϫ1 yr
IN FALLOW FREQUENCY ON CARBON GAINS IN THE CANADIAN PRAIRIES Estimating Changes in SOC Using
Ϫ1
, F-W-W (N ϩ P) were used. A low-yield wheat was used in the second about 125 kg ha Ϫ1 yr Ϫ1 , and W-Lent (N ϩ P) about 200 time block (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) . A medium-yield wheat was kg ha Ϫ1 yr
. Under more favorable weather conditions used in the third time block (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) . A higher-yield (higher moisture), the rates of SOC gains would be wheat, which reflects current yields, was used in the last higher (Campbell et al., 2001b) . time block (1988-present) .
In 1976, fallow frequency was 48% (cropping freThe simulation results (Fig. 10) (Fig. 5) . One apparent shortcoming of the Century (Fig. 11) , then in 1976, at 52% cropping frequency in model simulation was its failure to identify the differenthe Brown soil zone, the rate of SOC change would be tial rate of SOC gain during the 1990s, which was simu-60 kg ha Ϫ1 yr
, and at 58% cropping frequency in the lated satisfactorily by the Campbell et al. (2000a) model Dark Brown soil zone, it would be about 100 kg ha Ϫ1 (Fig. 4) . The reason for this weakness in Century was yr Ϫ1 . Similarly, by 1998, these rates would be about 105 not related to its ability to simulate yields since it did this kg C ha Ϫ1 yr Ϫ1 for the Brown soil zone and 175 kg C quite acceptably (data not shown). This aspect requires ha Ϫ1 yr Ϫ1 for the Dark Brown soil zone. further research. Generally, however, both of these We can use these estimated rates of change in SOC models performed reasonably well in estimating the relative trends in SOC changes and could be used for estimating the effect of cropping frequency on SOC changes. of N and protects the soil against erosion more so than C gained per year, Mg 850 000 1 487 500 spring wheat; thus, when fall rye replaces wheat in rotation, SOC gains are greater. † These rates are based on treatments adequately fertilized with N and P and are therefore upper-limit estimates.
Fertilization influences SOC gains. In unfertilized systems, an increase in cropping frequency had little effect together with the area of arable land to estimate SOC on SOC gains. However, in systems fertilized according gained due to changes in cropping frequency over the to soil tests, SOC gains were directly proportional to past 20 yr in the semiarid Canadian prairies. For examcropping frequency (except in the high-organic-matter, ple, for the period 1976-1998, there was about 6.5 milthick Black Chernozems at Melfort, SK, where there lion ha of arable land in the Brown soil zone and 8.5
was no measurable effect). million ha in the Dark Brown (Campbell et al., 2002) .
In the semiarid soils in Colorado, USA, a 12-yr noOn this basis, the increase in cropping frequency in tillage study on land that had been cropped to fallowthe semiarid prairies over this 22-yr period may have crop under conventional tillage for the previous 75 yr resulted in 1.75 times as much C being gained in the showed a positive effect of cropping frequency on SOC. 0-to 15-cm depth of soil as was the case in 1976 (Table 6) .
Highest SOC gains were obtained at low-PET sites and These results emphasize the considerable advantage in lowest gains in the toeslope positions even though they SOC gains that may be achieved by crop intensification had highest residue C inputs. The latter suggests that on the Canadian prairies and this achieved even without in more humid environments, the negative impact of the adoption of no-tillage but assuming proper fertilizamineralization on SOC gains may override the positive tion was conducted. However, there would have been impact due to increased crop production and C inputs. some cost in C used for increased fertilization, as we Both the Century model and the Campbell et al. have previously discussed. We caution that these esti-(2000a) model, though providing lower values, were mates may be high since most farmers in the semiarid effective in simulating the relative effect of management prairies do not fertilize their crop adequately (Campbell on SOC changes. The Campbell et al. (2000a ) model et al., 1986 .
was more effective in simulating system responses to major weather effects.
CONCLUSIONS
